Prolonged and repetitive epileptic activity is causally linked to neuronal cell death in the brain and is most marked in vulnerable subfields of the hippocampus. The Bcl-2 family protein Bim, a proapoptotic member of the BCL-2 homology domain 3Yonly subfamily, has been implicated as an important mediator of neuronal cell damage in various pathological conditions, although its role in epilepsy-associated cell death is not understood. We performed intrahippocampal stereotaxic injections of the glutamate analog kainic acid as an in vivo model of acute excitotoxicity to assess neuronal injury in Bim-deficient and control wild-type mice. A variety of cell death parameters including chromatin condensation, TdT-mediated dUTP nick end labeling, and caspase-3 activity was assessed. We found no differences in the extent of hippocampal neuronal death parameters between the 2 groups. Moreover, electroencephalographic recordings after kainic acid injection revealed indistinguishable patterns of seizure activity in Bim-deficient and wild-type animals. These in vivo and histological data suggest that Bim is not critically involved in excitotoxicity-induced acute neuronal cell injury.
INTRODUCTION
Epilepsy is a chronic neurological disorder characterized by recurrent, transient, abnormal, excessive, or synchronous neuronal activity that often leads to excitotoxic neuronal cell damage in specific brain regions (1) . Prolonged status epilepticus (SE) and repetitive epileptic seizures invariably lead to neuronal cell loss through excessive stimulation of excitatory amino acid receptors; the susceptible CA1 and CA3/hilus subfields of the hippocampus are particularly vulnerable to this injury (2, 3) .
The molecular pathways underlying excitotoxic neuronal damage are not well understood. It is generally accepted that excessive glutamate receptor stimulation leads to an intracellular calcium overload that exceeds the capacity of the endoplasmic reticulum, the largest intracellular Ca 2+ store. The consequences of this overwhelming calcium influx include Ca 2+ <dependent mitochondria<mediated caspase activation. The roles of additional calcium-dependent proteases such as calpains and of Bcl-2 family proteins in the regulation of intracellular calcium compartmentalization have recently been reviewed (4) . As executioners of apoptosis, caspases may have major roles in mediating neuronal damage (5Y9). Indeed, transgenic mice that express the baculoviral caspase inhibitor protein p35 in neurons are resistant to seizure-induced neurodegeneration (10) .
In addition to glutamate-triggered signaling cascades, various classic apoptotic pathways as well as necrosis have been implicated in the mediation of excitotoxic cell death (5, 11) . Although the relative contributions of specific cell death cascades are controversial, there is ample evidence indicating that epilepsy-associated neuronal cell death is regulated by proteins of the Bcl-2 family (11) , that it involves impaired function of mitochondria (12, 13) , and that it culminates in apoptosis-specific DNA degradation (5, 11) .
Mitochondria-dependent cell death cascades are regulated by proapoptotic and antiapoptotic Bcl-2 family proteins (recently reviewed in Youle and Strasser [14] ), but the roles of specific family members for mediating excitotoxic neurodegeneration remain poorly characterized. Bcl-2Yinteracting mediator of cell death, Bim (also called BOD) (15, 16) , is a potent proapoptotic member of the BCL-2 homology domain 3 (BH3) subfamily. Genetic ablation of Bim has revealed important roles of the protein in lymphocyte homeostasis (17Y19). In addition, Bim has been shown to promote neurodegeneration in various experimental paradigms (20Y25). Recent observations suggest, however, that Bim is not important for neuronal apoptosis after exposure to certain oxidative stressors (26) . Moreover, in the context of epilepsy, the contribution of Bim in the mediation of the excitotoxic neuronal damage that occurs after prolonged or excessive seizure activity is even less clear.
Bim expression is regulated by transcription factors of the forkhead in rhabdomyosarcoma (FKHR) family, which includes FKHR (FOXO1) and FKHRL-1 (FOXO3a) (20) . Bim expression levels were reported to undergo an early, transient, and moderate upregulation in the hippocampus of rats after kainic acid (KA)Yinduced SE (27) . Conversely, the pharmacological inactivation of forkhead transcription proteins by blocking FKHR/FKHRL-1 dephosphorylation resulted in improved hippocampal neuronal survival in vivo (28) ; this was similar to the neuroprotective effects observed in a seizure-like in vitro model under conditions of antisensemediated Bim targeting (27) . Based on these observations, Bim was proposed to contribute to the acute neuronal cell death that occurs after prolonged epileptic seizures (27) . On the other hand, however, lower levels of Bim expression have been found in hippocampal tissue of human epilepsy patients (29) . In addition, there is also in vivo experimental data suggesting that Bim may not be important for epilepsyinduced neuronal cell damage (30) . These apparently contradictory data prompted us to reappraise the role of Bim in excitotoxicity. We used an in vivo model of acute excitotoxicity by performing stereotaxic intrahippocampal KA injections in Bim-deficient and control mice to study the role of this protein in acute excitotoxic neuronal injury.
MATERIALS AND METHODS

Animals and Surgical Procedures
Experiments were performed with age-matched C57BL/6J wild-type and Bim-deficient male mice kindly provided by A. Villunger (University of Innsbruck, Innsbruck, Austria) with permission from P. Bouillet (Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia). Bim-deficient mice were detected by polymerase chain reaction analysis of tail DNA extracts using the following primer sequences (all from Invitrogen, Carlsbad, CA): wild-type Bim forward (common primer): PB20 5 ¶-CATTCTCGTAAGTCCGAGTCT-3 ¶; wild-type Bim reverse: PB335 5 ¶-GTGCTAACTGAAACCAGATTAG-3 ¶ (this primer combined to PB20 allows the amplification of a 400-bp fragment); mutant Bim reverse: PB65 5 ¶-CTCAGTCCATTCATCAACAG-3 ¶ (this primer combined to PB20 allows the amplification of a 540-bp fragment from the mutated allele).
Seven-week-old mice (25Y35 g) were kept in a 12-hour light-dark cycle with ad libidum access to food and water. Animals were anesthetized using a mixture of medetomidine (0.3 mg/kg, intraperitoneally [i.p.]) and ketamine (40 mg/kg, i.p.), and placed in a stereotaxic frame (TSE Systems, Homburg, Germany). A 0.5-KL microsyringe (outer cannula diameter 0.5 mm; Hamilton, Bonaduz, Switzerland) was filled with 20 mmol/L KA solution (Sigma, Munich, Germany) in 0.9% sterile sodium chloride. Mice were divided into 2 groups (10 wild-type and 6 Bim-deficient mice per group). Each mouse received a 50 or 70 nL KA injection in the right dorsal hippocampus as described (31) . Nonseizure control mice were given injections of 0.9% sterile sodium chloride under the same surgical procedure. Each injection was performed over 1 minute using a micrometer screw. At the end of the procedure, the cannula was left in place for an additional 2-minute period to limit reflux along the needle track.
Mice with no implantation of a telemetric transmitter (see later) had their scalp incision sutured and their anesthesia terminated with atipamezole (300 mg/kg, i.p.). Mice were killed 2 days after surgery by intra-aortic perfusion of 4% paraformaldehyde in 0.1 mol/L PBS, pH 7.4. Perfused brains were removed from the skull, postfixed overnight in the same fixative, and processed for paraffin embedding. Serial coronal sections, 5-Km-thick (HM 330; Microm, Walldorf, Germany), were mounted on Superfrost slides (Metzel-Gläser, Braunschweig, Germany) and dried at 37-C for 16 hours. Before each staining, the sections were dewaxed in xylol and rehydrated through a graded series of alcohol to water.
Cresyl Violet Staining
To visualize hippocampal neurodegeneration after sodium chloride or KA injection, sections were immersed in a 0.25% cresyl violet solution for 10 minutes at 70-C, dehydrated in increasing concentrations of alcohol to water, and cleared in xylol for 10 minutes. Sections were then coverslipped in xylene-based mounting medium (Cytoseal XYL; Richard-Allan Scientific, Waltham, MA) and analyzed by light microscopy (Imager Z1; Carl Zeiss, Germany).
Immunohistochemistry
To identify neuronal and glial cells, sections were blocked in PBS (pH 7.4) with 10% normal goat serum (NGS) and 0.5% Triton X-100 at room temperature (RT) for 2 hours. Mouse anti-NeuN monoclonal (1:200, Chemicon, Temecula, CA) or rabbit antiYglial fibrillary acidic protein polyclonal antibodies (1:400, DakoCytomation, Glostrup, Denmark) were applied to sections in PBS with 5% NGS and 0.1% Triton X-100 at 4-C overnight. For antiYglial fibrillary acidic protein detection, goat anti-rabbit Alexa 488 (1:500, Invitrogen) in PBS/2% NGS solution was applied to sections for 3 hours at RT. For anti-NeuN detection, goat anti-mouse biotin (1:500, Dianova, Hamburg, Germany) in PBS/2% NGS solution was applied for 3 hours followed by streptavidin Cy2 (1:500, Invitrogen) in PBS for 2 hours at RT. Between each step, sections were washed with PBS for 15 minutes. Sections were then costained with TdT-mediated dUTP nick end labeling (TUNEL) as described later.
TdT-Mediated dUTP Nick End Labeling
To assess DNA fragmentation, sections were pretreated with proteinase K (10 Kg/mL, Sigma) for 30 minutes at 37-C and incubated with TUNEL reaction mixture containing terminal deoxynucleotidyl transferase and TMR redYlabeled nucleotides (Roche, Mannheim, Germany) for 1 hour at 37-C. Several sections were then washed with PBS (pH 7.4) for 15 minutes and costained with 4 ¶,6-diamidino-2-phenylindole (Sigma; 1 mg/L) solution for 5 minutes at RT followed by additional washes with PBS. Sections were then coverslipped in fluorescein-mounting medium (Vectashield; Vector Laboratories, Burlingame, CA) and analyzed under a fluorescence microscope (Carl Zeiss).
Active Caspase-3 Staining
Antigen retrieval was performed in a pressure cooker with a target retrieval solution (S2031, DakoCytomation) for 15 minutes. Using an automated staining system (Genesis RSP 100; Tecan, Männedorf, Switzerland), sections were incubated with rabbit anti-active caspase-3 monoclonal antibody (1:100, BD Biosciences, San Jose, CA) for 30 minutes at RT. Subsequent staining was performed by the ABC immunoperoxidase method followed by 3,3 ¶-diaminobenzidine tetrahydrochloride for visualization and hematoxylin for counterstaining. Sections were processed according to the manufacturer's instructions for the following kits: DCSDetectionLine (PD999RP), Universal Block (UL123R999), diaminobenzidine tetrahydrochlorideYsubstrate kit (DC137 C999; all by Innovative Diagnostik-Systeme, Hamburg, Germany). Sections were then coverslipped in xylene-based mounting medium (Richard-Allan Scientific) and analyzed by light microscopy (Carl Zeiss).
Electroencephalographic Recordings
A total of 10 mice (5 wild-type and 5 Bim-deficient mice) were injected with 50 nL KA and implanted with skull surface electrodes for the 24-hour electroencephalographic (EEG) recording that was initiated directly after surgery. For implantation of telemetric transmitters (TA10EA-F20; DataSciences International, St Paul, MN), a small skin incision was made in the flank region, and a subcutaneous skin pouch was created by blunt dissection underneath the skin. A tunnel for the leads was made in the same manner by moving cranially until reaching the midsagittal incision. Telemetric implants were placed into the pouch, and the 2 monopolar leads were connected to stainless steel screws (length, 2 mm; thread diameter, 0.8 mm) positioned bilaterally 1.5 mm from the sagittal suture and 1.9 mm posterior to the bregma. The attached leads were then covered with dental cement, and the skin incisions were sutured.
Mice were injected with carprofen (4 mg/kg, i.p.) for 3 days to reduce pain, and 0.25% enrofloxacin was administered via drinking water to reduce the risk of infection. Upon return to clean cages, mice were kept under a heat lamp until they awoke from anesthesia. The cages were placed on individual radio-receiving plates (RPC-1; DataSciences International), which allowed capturing of data signals from the transmitter and transferring them to an input exchange matrix. Signals were then transferred to computer equipment running Dataquest A.R.T. 4.0 Gold software (DataSciences International), which converts the digital output of the receiver into a calibrated analog output.
Quantification and Statistical Analysis
At least 3 consecutive coronal sections from the region of the KA injection site or 400 Km posterior to this site were used for analysis, and images of the pyramidal sectors were taken using a Carl Zeiss fluorescence microscope with a 20Â objective. On these images, using Photoshop CS2 software (Adobe Systems, San Jose, CA), virtual counting boxes (dimension 100 Km Â 380 Km) were placed over the hippocampal CA1 pyramidal section at injection site level. The percentages of TUNEL-or cleaved caspase-3Ypositive cells inside the boxed areas were scored by 2 independent blinded investigators to assess the extent of neuronal cell damage. For EEG analysis, the duration of polyspike seizures of high frequency and amplitude evolving from baseline and lasting more than 10 seconds were recorded in wild-type and Bimdeficient mice (n = 5 per group) for 24 hours directly after surgery. Student t-test (Microsoft Excel 2004, Microsoft Corporation) was used to analyze the data obtained from Bimdeficient and wild-type mice. A difference in p G 0.05 was considered significant. Data are presented as mean T SEM.
RESULTS
Stereotaxic KA Injection Leads to Cell Death of Hippocampal Pyramidal Neurons
Injections of the glutamate analog KA into the hippocampus (31), amygdala (27, 32) , or intrathecally (30) to trigger SE are established in vivo models, with subsequent neurodegeneration affecting primarily hippocampal CA1 and CA3 subfields. We performed stereotaxic unilateral intrahippocampal KA injections (70 nL of 20 mmol/L KA) into C57BL/6 wild-type mice. Two days after injection, we observed extensive injury of ipsilateral hippocampal pyramidal neurons, as assessed in Nissl stains (Fig. 1) . As in other studies (33) and in patients with mesial temporal lobe epilepsy (34, 35) , the hippocampal CA1 subfield exhibited most pronounced selective neuronal cell death, reactive gliosis, and granule cell dispersion. Neurons of the CA3/ hilus area were similarly affected, but to a lesser degree, whereas the hippocampal CA2 sector and the granule cell layer of the dentate gyrus seemed intact. Moreover, the contralateral hippocampal formation of KA-injected mice (Fig. 1A) and the ipsilateral hippocampus of vehicle-injected nonseizure controls (Fig. 1B) did not show any detectable abnormalities. The TUNEL/NeuN double labeling permitted unequivocal identification of hippocampal CA1 pyramidal neurons as the damaged cellular component (Fig. 2) . Because astrocytes are important modulators of neuronal survival and death in the context of excitotoxicity (36), we determined whether Bim affects glial cells in this model of SE. In contrast to the considerable percentage of TUNELpositive neurons observed in the CA1 region of both Bimdeficient mice and wild-type controls, we did not observe any TUNEL-positive glial fibrillary acidic proteinYexpressing astrocytes 2 days after SE in either group (Fig. 3) .
KA-Induced Neuronal Cell Death in the Hippocampus Involves Caspases
Although apoptotic pathways have been associated with epilepsy-triggered neuronal cell death (37) , alternative forms of cell death such as autophagy (38) and necrosis (39) have also been implicated. To confirm that the observed neuronal loss has characteristics of apoptosis, we immunostained hippocampal sections of KA-treated wild-type mice with an antibody directed against cleaved (activated) caspase-3 (Figs. 4AYD) . As early as 12 hours after the excitotoxic insult, there was prominent immunostaining for activated caspase-3 within the ipsilateral CA1 of KA-injected mice; staining seemed maximal at 24 hours. Thus, KA potently induces the activation of effector caspases in hippocampal neurons operating downstream of classical apoptosis pathways. Both groups of animals showed comparable levels of caspase-3 activation within the hippocampal formation at 48 hours (Fig. 4E) ,
Bim-Deficient Mice Do Not Show Protection Against KA-Induced Neuronal Cell Death
To assess the functional significance of Bim in excitotoxic cell death, we compared Bim-ablated versus wildtype mice after intrahippocampal stereotaxic KA injection by TUNEL staining. Groups of age-and sex-matched Bimdeficient and wild-type mice showed no significant differences in the extent of cell death (Fig. 5A) . These results and those of caspase-3 immunostaining (Fig. 4) suggest that the proapoptotic Bim protein is not an essential mediator of excitotoxic neuronal cell death.
To exclude the possibility that an overtly strong KA stimulus may have masked a possible protective effect of Bim ablation, we reduced the KA injection to 50 nL (20 mmol/L), a dose that is still sufficient to trigger SE. Even under these conditions, we did not observe any differences in the amount of cell death between the 2 groups of mice. Moreover, in a comparison between the 2 doses (50 vs 70 nL KA) there were also no differences (Fig. 5A) , suggesting that the extent of the observed cell death is independent of the strength of the excitotoxic stimulus.
We also determined whether a potential protective effect of Bim deletion might have been overwhelmed by the high toxicity of KA in CA1 in the immediate vicinity of the injection site. To test this possibility, we analyzed brain sections taken 400 Km posterior to the injection site, where neurons would be exposed to lower amounts of KA. We scored the extent of neuronal loss in CA1 of Bim-deficient and wildtype mice injected with the reduced volume of 50 nL KA and detected a general reduction of TUNEL-positive cells in both groups compared with sections prepared directly from the injection site level. No difference was detected between Bimdeficient and wild-type mice with respect to the extent of neuronal cell death, suggesting that Bim ablation has no protective effect even in regions not directly exposed to KA, and that the cell death observed is truly seizure related (Figs. 5B, 6 ).
Monitoring Seizure Activity After Hippocampal KA Injection
We next determined whether the absence of a protective effect of Bim ablation could be caused by differences in the pattern of epileptiform activity between Bim-deficient and wild-type mice. We implanted animals of both groups (n = 5 each) with skull surface electrodes and monitored seizure activity during the 24-hour period after KA injection. Evaluation of EEG recordings revealed that KA-induced status epilepticus occurred with similar recurrent spontaneous discharges, which lasted up to 15 hours in both groups. These discharges were characterized by spikes of high frequency and amplitude, and thus were clearly distinguishable from normal baseline activity (Figs. 7AYC) . The EEG recordings from vehicle-injected mice did not exhibit any epileptic activity (data not shown). The durations of the seizure episodes were similar in both groups, suggesting that Bim-deficient mice are as susceptible to seizure induction by the KA as the controls (Fig. 7D ). We therefore exclude the possible scenario whereby the lack of protection from excitotoxic insults in Bim-deficient mice might result from more frequent and stronger seizures in these mice compared with controls.
DISCUSSION
Prolonged or repetitive epileptic seizures are known to cause excitotoxic nerve cell injury in vulnerable brain regions, with the hippocampus being the most markedly affected anatomical structure. Currently, available data suggest that besides necrosis, programmed (apoptotic) cell death pathways may play a significant pathogenic role in mediating excitotoxic neuronal damage (40, 41) . In particular, various proteins of the Bcl-2 family as well as caspases have been identified as initiators and effectors of respective activated signaling cascades (recently reviewed in Henshall and Murphy [37] ).
The BH3-only protein Bim is a proapoptotic member of the Bcl-2 family and a potent mediator of apoptotic cell death (17) . Previous reports implicated Bim as well as other BH3-only proteins such as Bad and Bid in neuronal cell death, including seizure-induced neuronal cell loss (27) . In particular, Bim levels were found to transiently increase in the rat hippocampus after recovery from SE. Moreover, pharmacological block of dephosphorylation of forkhead transcription factors that are expected to downregulate Bim expression, as well as direct targeting of Bim by RNAi in a seizure-like in vitro model, was reported to confer neuronal protection (27) .
In contrast, the lower levels of Bim expression that are found in hippocampal tissue of human epilepsy patients may potentially reflect an adaptive response to chronic excitotoxic stimuli (29) . Previous observations made in a rat model in which repeated noninjurious electroshock seizures were associated with decreased Bim levels independently lend support to this notion (27) . Experimental data reported by others do not support a significant role for Bim in mediating acute epilepsy-induced neuronal cell damage and instead demonstrate the contrary, downregulation of Bim levels after KA treatment (30) . Finally, Bim expression and function is subject to complex regulatory mechanisms, which not only involve forkhead proteinYindependent transcriptional activation but also comprise regulatory events on the posttranslational level such as protein phosphatase 2AYmediated dephosphorylation (42) and ubiquitination (43, 44) .
In view of the available data on Bim in the context of epilepsy suggesting that both upregulation and downregulation may occur depending on specific experimental conditions and models used, as well as considering its general complex transcriptional and posttranslational regulation, we set out to address the role of Bim in triggering neurotoxic cell death by analyzing Bim-ablated mice in an in vivo model of acute excitotoxicity. The selective neuronal cell death that occurs after intrahippocampal KA injection seems unlikely to reflect a direct neurotoxic effect of KA onto pyramidal cells, as in the latter case, additional neuronal subpopulations of the hippocampus should be affected as well, with the KA probably killing neurons far less region specific. At least part of this cell damage was apoptotic, as could be demonstrated by chromatin condensation, TUNEL, and activation of caspase-3. In addition, necrotic mechanisms triggered by the injection of the highly excitotoxic KA agent FIGURE 6 . Schematic representation of the extent of excitotoxic cell damage 2 days after intrahippocampal injection of kainic acid (KA). Unilateral KA injection into the right dorsal hippocampus produced marked cell damage restricted to pyramidal neurons within susceptible subfields of the ipsilateral hippocampus in wild-type and Bim-deficient mice. Neuronal damage was not induced within the contralateral hemisphere in either group. may well have contributed. In our study, caspase-3 activation was most prominent in the hippocampal CA1 sector in which it peaked at around 24 hours after SE (Fig. 4B) . This time frame is in agreement with the findings of Shinoda and colleagues (27) , who reported TUNEL-positive cells in the CA3 sector at 24 hours after seizure termination. Furthermore, we did not detect any damage in the isocortex, which might possibly be related to activation of Akt, as suggested by Henshall et al (32) . Finally, based on morphological grounds, in our TUNEL and immunohistochemical studies of activated caspase-3, we did not find any indication that the mode of cell death (apoptosis vs necrosis) changed along the rostrocaudal dimension of the lesioned hippocampus.
Comparative quantification of the extent of neuronal damage in the hippocampus of Bim-deficient and control mice using 3 different cell death assays revealed no significant differences between both groups of mice. Because brain damage has been shown to correlate with seizure duration in various animal models (45), we performed comparative cortical EEG recordings in wild-type and Bim-deficient mice. This is important because neurophysiological phenotypes resulting from endogenous functions of certain Bcl-2 family proteins, for example in regulating neuronal mitochondrial calcium dynamics, have previously been reported (46, 47) . In this study, Bim-ablated and control mice showed comparable EEG seizure activities with regard to total seizure duration, suggesting a similar neurophysiological phenotype. Therefore, the indistinguishable extents in hippocampal neurodegeneration observed between the 2 animal groups is not a consequence of the mutant mice experiencing additional seizure activity associated with Bim ablation.
Taken together, our findings argue against a significant role of Bim in mediating acute KA-induced excitotoxic cell death. Bim may even not be required in this context, but this scenario remains to be confirmed by an extensive analysis of the full repertoire of proapoptotic and antiapoptotic Bcl-2 family proteins to exclude functional redundancy between them. For example, protection conferred by Bim deficiency in sympathetic neurons after NGF deprivation was transient, and neurons ultimately released cytochrome c and underwent apoptotic cell death (22) . Importantly, functional redundancy may be limited only to certain BH3-only proteins because targeted deletion of the BH3-only proapoptotic member Bad does not prevent cell death in neurons in vitro (48) .
Our observations were somewhat unexpected because Bim has been demonstrated to be an important mediator of neuronal cell death in various experimental paradigms, including models of trophic factor deprivation in sympathetic neurons (22) and various models of epilepsy (27) . Irrespective of possible functional redundancy between various Bcl-2 family proteins or regulation of Bim expression on the posttranslational level (e.g. by ubiquitin-mediated protein degradation [43, 44] ), our analysis of Bim-deficient mice unequivocally demonstrates that Bim is not critical for acute KA-induced excitotoxic neuronal death.
